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I  INTRODUCTION 


The  objective  of  this  research  program  is  to  develop  the  theoretical  models, 
design  methodology,  and  technology  needed  for  the  optimum  application  of  near- field 
electromagnetic  sensor  arrays  in  nondestructive  evaluation  (NDE)  and  robot 
control.  This  program  is  a  collaborative  effort  by  SRI  and  Stanford  University, 
supported  by  separate  contracts.  This  report  summarizes  SRI’s  contribution  to  this 
research  during  the  program's  second  year. 

The  electromagnetic  sensors  being  considered  here  fall  into  two  main  classes: 
inductive  (magnetic)  and  capacitive  (electric).  During  the  past  year,  the  work  at 
SRI  focused  on  the  development  of  arrays  of  small  inductive  sensors,  and  the  work 
at  Stanford  University  emphasized  the  use  of  capacitive  sensors.  While  inductive 
sensors  have  been  used  in  NDE  for  many  years,  the  technology  traditionally  used  for 
fabricating  such  sensors  is  not  well  suited  for  contructing  arrays.  Since  arrays 
are  the  main  topic  of  this  research,  much  of  the  effort  at  SRI  during  the  past  year 
has  been  devoted  to  developing  and  evaluating  a  suitable  array- fabrication 
technology . 

A  literature  search  for  fabrication  technologies  was  begun  last  year  and 
continued  during  the  first  part  of  this  year.  This  search  identified  three 
potentially  useful  technologies:  (1)  magnetic  thin-film  technology  used  for 
read-write  heads,  (2)  magneto -resistive  thin-film  technology  used  for  read-only 
heads,  and  (3)  metallic  printed-circuit  technology  used  for  electronic  integrated 
circuits.  As  discussed  in  last  year's  annual  report, ^  magnetic  thin-film 
technology  was  ruled  out  for  our  application  because  sensors  that  were  made  using 
this  technology  appeared  to  require  very  small  lift-off  distances  for  successful 
operation.  Magneto-resistive  technology  appeared  more  promising,  but  it  is  not 
readily  available  to  SRI.  Hence,  based  on  some  promising  results,  reported  in  the 
literature, ^  that  used  small  loops  etched  in  a  thin-film  conductor  to  map  magnetic 
fields  near  a  recording  head,  and  because  printed-circuit  technology  is  similar  and 
readily  available,  we  decided  to  evaluate  experimentally  a  sensor  array  composed 
of  printed  loops,  The  results  of  that  evaluation  are  very  encouraging  and  are 
reported  here . 


Work  also  was  begun  last  year  to  study  the  use  of  deconvolution  algorithms  for 
improving  the  spatial  resolution  of  sensor  arrays.  A  limited  amount  of  work  done 
during  this  year  on  this  topic  used  experimental  data  to  demonstrate  the  promise  of 
this  technique.  The  results  of  this  demonstration  also  are  included  in  this  report 


II  RESEARCH  STATUS 


A.  Printed- Loop  Sensor  Arrays 

The  wire-wound  coil  sensor,  which  consists  of  a  drive  coil  and  several  smaller 
pickup  coils  and  which  was  discussed  in  last  year's  annual  report ,1  uses  a 
technology  that  is  not  well  suited  for  constructing  an  array.  Furthermore,  the 
spatial  resolution  of  such  a  sensor  is  limited  by  the  minimum  practical  size  of  the 
pickup  coils.  To  overcome  these  limitations,  SRI  built  and  evaluated  a  sensor 
using  printed-circuit  technology,  which  is  expected  to  simplify  the  fabrication  of 
an  array,  permit  precise  replication  of  the  array  elements,  reduce  the  minimum 
achievable  size  of  individual  array  elements  to  improve  spatial  resolution,  and 
allow  the  construction  of  two-dimensional  arrays. 

Printed-circuit  technology  is  widely  used  for  fabricating  planar  circuit 
patterns  and  can  produce  line  widths  and  spacings  as  small  as  a  few  thousandths  of 
an  inch.  The  use  of  this  technology  for  inductive  sensor  arrays  requires  that  the 
multi-turn  coils  used  previously  be  replaced  with  single-turn  printed  loops. 
Although  small  single- turn  loops  reduce  the  sensor  signal,  they  significantly 
improve  spatial  resolution. 

A  potentially  useful  feature  of  printed- circuit  technology  is  that  the  circuit 
boards  can  be  mounted  in  a  vertical  position  with  respect  to  the  test  sample  to 
facilitate  external  connection  to  the  sensor  array  (Figure  1).  The  cross-sectional 
side  view  in  Figure  1(a)  shows  two  vertical  wire-wound  drive  coils  and  a  circuit 
board  containing  the  printed  loops  sandwiched  between  the  coils.  The  relative 
position  of  the  loops  is  shown  in  Figure  1(b). 

The  principle  of  operation  of  the  printed- loop  sensor  is  the  same  as  that  of  an 
eddy-current  reflection  probe;  that  is,  the  sensor  output  is  proportional  to  any 
change  that  occurs  in  the  mutual  coupling  between  the  drive  coil  and  pickup  loops. 
The  single  magnetic  flux  line  in  Figure  1(a)  schematically  represents  this  mutual 
coupling . 
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Figure  1.  Vertical  printed-loop  sensor  array. 


First,  a  vertical  sensor  array  was  built  and  tested  with  two  of  the  loops 
differentially  connected.  However,  even  when  the  sensor  was  scanned  over  the  edge 
of  a  flat  metal  sample,  the  signal  produced  was  very  weak  and  could  be  only 
marginally  detected  because  the  magnetic  fields  responsible  for  the  mutual  coupling 
between  the  drive  coils  and  the  printed  loops  were  not  tightly  coupled  to  the 
sample . 

To  improve  the  sensitivity  of  the  sensor  the  vertical  sensor  array  was 
converted  to  a  horizontal  sensor  array  with  a  single  drive  coil  (Figure  2).  As 
shown  in  Figure  2(a),  the  single  drive  coil  with  5x6  turns  and  the  circuit  board 
are  located  parallel  to  the  sample  surface.  The  circuit  board  is  between  the  drive 
coil  and  the  test  sample  at  a  position  close  to  the  center  of  the  drive  coil.  The 
array  of  the  four  printed  loops,  two  of  which  are  shown  in  Figure  2(b),  fits  well 
within  the  0.5 -in.  x  0.5 -in.  opening  of  the  drive  coil.  Each  loop,  formed  by  a 
0.005 -in. -wide  printed  conductor,  has  inside  dimensions  of  0.03  in.  x  0.05  in.  The 
center-to-center  spacing  between  neighboring  loops  is  0.07  in.  To  reduce  the 
electromagnetic  pickup  in  the  lines  that  connect  the  loops  to  the  soldering  pads, 
the  entire  board  is  wrapped  with  a  0.004 -in. -thick  copper  foil  so  that  only  the 
loops  are  directly  exposed  to  the  magnetic  field  of  the  drive  coil.  A  0.002-in.- 
thick  film  of  Kapton  provides  insulation  between  the  loops  and  the  copper  foil. 

The  copper  foil  typically  touches  the  sample  surface  as  shown,  thus  resulting  in  a 
lift-off  distance  of  0.006  in. 
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Figure  2.  Horizontal  printed-loop  senior  array.  (Not  to  scale.) 


In  the  upatial- resolution  and  sensitivity  experiments  discussed  below,  the 
sensing  loops  were  connected  differentially  as  Indicated  in  Figure  3,  which  also 
shows  the  measurement  setup.  The  drive  coil  is  excited  by  a  stable  200-kHz  signal, 
with  a  level  such  that  the  current  in  the  coil  is  a  few  mA.  The  signals  from  the 
loops  are  sent  to  a  differential  amplifier  via  two  potentiometers  that  are  used  to 
balance  the  sensor  pair.  The  differential  signal  is  detected  by  a  lock-in 
amplifier  that  provides  a  full-scale  10-V  output.  This  output  is  captured  by  the 
data  acquisition  system  described  in  last  year's  annual  report. ^  Although  a 
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lock-in  amplifier  in  the  detection  system  is  not  essential,  it  was  used  for  these 
experiments  because  of  initial  uncertainty  about  the  sensitivity  of  the  single-loop 
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Figure  3.  Measurement  setup. 
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Figure  4  shows  the  improved  spatial  resolution  of  the  printed- loop  sensor  over 
the  wire-coil  sensor  described  in  last  year's  report. *  Figure  4(a)  compares  the 
signals  detected  by  a  printed- loop  and  a  wire-coil  sensor  when  scanned  over  a  wide 
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Figure  4.  Spatial  resolution  of  horizontal  printed-loop  sensor. 
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slot  (0.125 -in.  wide  and  0.125 -in.  deep)  in  an  aluminum  plate.  Because  it  has  a 
center -to -center  spacing  of  0.070  in.,  the  printed-loop  sensor  is  able  to  resolve 
the  slot,  whereas  the  wire-coil  sensor,  which  has  a  center- to-center  spacing  four 
times  larger,  exhibits  a  response  that  is  determined  by  the  dimensions  of  the 
sensor  and  not  those  of  the  slot.  Figure  4(b)  shows  the  signal  detected  by  a 
printed- loop  sensor  when  scanned  over  a  narrow  EDM  slot  (0.010- in.  wide  and 
0.040 -in.  deep)  in  an  aluminum  plate.  As  expected,  the  basic  resolution  of  the 
differentially  connected  printed- loop  sensor  is  about  0.070  in. 

We  evaluated  the  sensitivity  of  the  horizontal  printed- loop  sensor  by  scanning 
small  steps  in  an  aluminum  plate.  Figure  5  shows  the  response  to  a  0.002-in. 
step.  The  full  scale  of  this  figure  corresponds  to  a  30-^V  output  from  the 
differential  amplifier.  The  voltage  signal-to-noise  ratio  is  larger  than  100. 

This  ratio  is  determined  not  only  by  the  bandwidth,  but  also  by  the  common-mode 
rejection  of  the  differential  amplifier.  The  common-mode  rejection  governs  how 
large  a  signal  can  be  applied  to  the  drive  coil  before  the  common  mode  begins  to 
mask  a  weak  signal.  In  this  case,  the  common-mode  rejection  was  measured  to  be  60 
dB.  The  drive  current  used  to  obtain  the  results  shown  in  Figure  5  was  3-4  mA. 

For  the  signal  level  present  in  Figure  5,  there  was  some  common-mode  interference, 
so  the  exact  shape  of  the  skirts  of  the  curve  depended  on  how  the  probe  was  aligned. 


DISTANCE  —  in. 


TMS-2576 

Figure  5.  Step  response  of  horizontal  printed-loop  sensor. 
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When  the  loops  are  connected  so  that  the  signals  from  each  loop  add  together 
>  rather  than  subtract,  the  sensor  becomes  very  sensitive  to  lift-off.  Using  this 

sum  mode,  the  probe  becomes  a  proximity  sensor.  Figure  6  shows  the  results  of 
varying  the  lift-off  distance.  In  Figure  6(a),  curves  of  the  lift-off  signal  at 
the  output  of  the  preamp  are  drawn  as  functions  of  lift-off  distance  for  the  two 
i  cases  where  either  two  or  four  loops  are  connected  in  series.  As  can  be  seen, 

increasing  the  number  of  connected  loops  increases  the  sensitivity.  Connecting 
either  loops  2  and  3  or  1  and  4  made  no  difference  in  the  detected  signal.  The 
output  voltage  appears  to  be  simply  the  sum  of  the  voltage  from  each  loop,  and 
t  there  is  no  evidence  of  interaction  between  the  loops.  At  0.4  in.  to  0.5  in.  away 

from  the  sample,  the  lift-off  voltage  saturates.  Using  this  saturation  voltage  to 
normalize  the  curves  in  Figure  6(a)  produces  the  curves  shown  in  Figure  6(b). 

These  curves  show  that  the  range  of  lift-off  distance  over  which  the  test  piece 
i  exerts  an  influence  on  the  detected  signal  is  about  0.1  in.  for  both  combinations 

of  loops.  Controlling  this  range  of  influence  will  probably  require  changing  both 
the  drive-field  configuration  and  the  loop  interconnections.  At  present  only  one 
drive  coil  is  used,  but  it  may  be  possible  to  use  an  array  of  several  localized 
drive  coils  to  control  the  ranging  effect. 


(a)  LIFT-OFF  SIGNAL  vs.  DISTANCE  (b)  NORMALIZED  LIFT-OFF  SIGNAL  vs.  DISTANCE 
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Figure  6.  Lift-off  signal  vs.  distance  (sum  mode). 
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B.  Imaging 


Electromagnetic  sensor  arrays  potentially  may  be  used  to  "image"  material  or 
geometrical  discontinuities  in  a  workpiece  being  inspected.  If  the  array  elements 
are  small  enough  compared  to  the  size  of  the  discontinuity,  a  reasonably  precise 
two-dimensional  picture  can  be  formed  that  shows  the  extent  and  shape  of  the 
discontinuity.  Such  imaging  is  made  possible  by  the  fact  that  the  electromagnetic 
fields  involved  in  the  interaction  between  the  sensor  and  the  discontinuity  are 
quasi-static  and,  therefore,  highly  localized. 

In  general,  however,  the  minimum  size  of  an  array  element  is  limited  by 
fabrication  technology  and  there  is  usually  a  desire  to  improve  upon  the  basic 
resolution  that  the  sensor  element  provides .  Such  image  enhancement  can  often  be 
obtained  by  appropriately  processing  the  measured  data. 

The  output  produced  by  an  inductive  sensor  when  it  is  scanned  over  an  arbitrary 
discontinuity  often  can  be  represented  as  the  convolution  of  the  desired 
quasi-static  image  with  the  response  of  the  sensor  to  a  point  imperfection. ^ > 3 
This  latter  response  is  called  the  point  spread  function  of  the  sensor.  Hence, 
image  enhancement  can  be  obtained  in  this  case  by  deconvolving  the  measured  sensor 
response  with  its  point  spread  function. 

There  are  a  number  of  algorithms  for  deconvolving  two  functions.  The  simplest 
one  to  understand  is  based  on  the  fact  that  the  Fourier  transform  of  a  convolution 
is  the  product  of  the  Fourier  transforms  of  the  two  functions  being  convolved,  that 
is, 


V(k)  -  PS(k)-IM(k)  ,  (1) 

where  k  represents  spatial  frequency,  V(k)  is  the  transformed  measured  sensor 
voltage,  PS(k)  is  the  transformed  point  spread  function,  and  IM(k)  is  the 
transformed  image.  Hence,  the  desired  image  is  given  by  the  inverse  Fourier 
transform  of  the  ratio: 


iM<k>  -  m>  •  (2) 

The  point  spread  function,  PS(k),  represents  a  spatial  filter  that  operates  on 
the  quasi-static  image  fields  to  produce  the  measured  voltage.  This  filter  must 
have  adequate  spatial  bandwidth  if  a  good  image  is  to  be  obtained  by 
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deconvolution.  Also,  numerical  difficulties  arise  at  spatial  frequencies  where 
PS(k)  is  small  because  of  the  inevitable  presence  of  noise.  The  results  to  be 
presented  here  were  obtained  by  applying  the  regularizing  algorithm: 

IM(k)  -  0,  if  PS(k)  is  less  than  or  equal  to  T  ,  (3) 

where  T  is  an  empirical  threshold  level. 

Data  were  taken  by  scanning  long  slots  in  flat  aluminum  plates  using  the 
wire -coil  sensor  described  in  last  year's  report. Since  the  dimensions  of  this 
sensor  are  relatively  large,  its  point  spread  function  (or,  as  in  this  case  for  a 
long  slot,  its  line  spread  function)  was  obtained  to  good  accuracy  by  measuring  a 
slot  1/32-in.  wide  by  1/8-in.  deep.  The  data  that  define  this  function  are  shown 
plotted  versus  scan  distance  in  Figure  7.  The  spatial  extent  of  this  function  is 
about  0.3  in.,  which  is  determined  by  the  dimensions  and  spacing  of  the  sense 
coils.  The  Fourier  transform  of  this  function  has  its  major  peak  at  about  1.4 
in.'l,  but  contains  significant  spectral  energy  out  to  spatial  frequencies  of  about 
twice  this  value.  Thus,  one  expects  that  the  deconvolution  of  slot  data  obtained 
using  this  sensor  will  produce  significant  image  improvement  for  slots  with  widths 
as  narrow  as  0.25  in. 
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Figure  7.  Measured  line  spread  function  of  wire -coil  sensor. 


A  0 . 25-in. -wide  by  0. 125 -in. -deep  slot  was  measured  to  test  this  assertion,  and 
the  data  are  shown  in  Figure  8.  To  illustrate  the  effect  that  the  choice  of 
threshold  value,  T,  in  the  regularizing  algorithm  has  on  the  deconvolution  results, 
Figures  9(a),  (b) ,  and  (c)  show  the  results  for  three  values  of  T.  The  unprocessed 
measured  data  are  shown  in  all  three  figures  for  comparison.  The  objective  of 
processing  these  data  is  to  obtain  a  sensor  signal  whose  peaks  occur  at  the  edges 
of  the  slot  so  that  the  slot  width  can  be  estimated  accurately. 


Figure  8.  Measured  wide-slot  response  of  wire-coil  sensor. 

Figure  9(a)  shows  the  effect  of  making  the  threshold  too  high.  In  this  case, 
the  regularization  suppresses  the  higher  spatial  frequencies,  and  it  is  not 
possible  to  move  the  positions  of  the  peaks  in  the  detected  signal  very  much. 

Figure  9(b)  shows  the  results  obtained  using  the  optimum  threshold  value.  In  this 
case  the  signal  peaks  are  aligned  very  closely  with  the  slot  edges,  thus  proving 
the  assertion  that  image  enhancement  is  possible  for  this  slot  width.  The  distance 
between  the  peaks  of  the  processed  signal  predicts  the  correct  slot  width  to  within 
±0.02  in.,  whereas  the  slot  width  predicted  by  the  unprocessed  data  is  in  error  by 


0.16  in.  Finally,  Figure  9(c)  shows  the  effect  of  using  too  small  a  threshold 
value.  In  this  case,  spurious  spatial  frequencies  are  introduced  and  one  loses  the 
ability  to  interpret  the  sensor  signal  properly. 

From  these  results  SRI  concludes  that  further  study  of  deconvolution  techniques 
is  worthwhile  for  the  purpose  of  improving  the  spatial  resolution  of 
electromagnetic  sensor  arrays  beyond  that  provided  by  reducing  the  size  of  the 
array  elements. 


IV  SUMMARY 


It  has  been  demonstrated  that  small  single-turn  printed  loops  can  be  used  as 
sensors  with  sufficient  sensitivity  to  be  useful  in  NDE  and  robotics  and  that 
printed- circuit  techniques  facilitate  the  fabrication  of  arrays  of  small  loops  to 
provide  electronic  scanning  with  high  spatial  resolution.  It  has  also  been  shown 
that  deconvolution  techniques  improve  the  spatial  resolution  of  such  sensors  in 
detecting  edges  and  slots.  Future  research  plans  under  this  contract  include 
developing  a  model  for  inductive  sensor  arrays;  designing  and  building  a 
horizontal -loop  array  with  vertical  connections;  demonstrating  electronic  scanning 
in  one,  and  perhaps  two,  dimensions;  and  exploring  the  possibilities  of  arraying 
drivers  as  well  as  sensors . 


APPENDIX  A 


A.  Interactions 

1.  B.  A.  Auld  and  A.  J.  Bahr,  "A  Novel  Multifunction  Robot  Sensor,"  presented 
at  the  1986  IEEE  International  Conference  on  Robotics  and  Automation,  San 
Francisco,  California,  April  1986,  and  published  in  the  conference 
proceedings . 

2.  A.  Rosengreen  and  A.  J.  Bahr,  "Inductive  Sensor  Arrays  for  NDE  and 
Robotics,"  presented  at  the  Review  of  Progress  in  Quantitative  NDE,  La 
Jolla,  California,  August  1986.  To  be  published  in  the  conference 
proceedings . 
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